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June 1, 2001

To:  Coastal Georgia Ground Water Stakeholders

From: William H. McLemore

State Geologist Z

Subject: Project Report 44; ASSESSMENT OF ENVIRONMENTAL EFFECTS
ASSOCIATED WITH POTENTIAL AQUIFER STORAGE RECOVERY
PROJECTS IN COASTAL GEORGIA

This Project Report contains two separate reports (Appendices 1 and 2) dealing with the
environmental impacts that might be associated with aquifer storage and recovery (ASR)
projects in coastal Georgia. In this regard, two separate contractors were given the
following identical mission to assess the published and unpublished technical literature
regarding the following issues, which have been raised by coastal Georgia stakeholders
(i.e., identified as part of a facilitated meeting sponsored by the Georgia Conservancy
under contract to EPD and included in this Project Report as Appendix 3):

“What happens during aquifer storage and recovery (ASR)? That is, what
happens to movement of stored water, quality of stored water and quality of
natural water under ASR? What are the effects locally? What is the localized
movement? What are the effects across the full sphere of influence? How far
does the sphere of influence extend? Others include:

-effects of mixing aerobic and anaerobic waters;

-geochemical effects on the aquifer itself (on the limestone formations);

-effects of prior treatment; and

-mixing effects in general.

In addition to the above, EPD requested the two contractors to also consider:
(1) Potential for the introduction of regulated or radioactive (i.e., tritium)
chemicals into the subsurface, and in the event that such chemicals were
introduced, the viability of successfully removing such chemicals and preventing

them from being introduced into a public drinking water system.

(2) Potential impact upon wells belonging to other persons (i.e., loss of
water).

(3) Other negative impacts.”



The assessment of the above issues, which did not include any field studies or
measurements, was to be summarized in a short report that would generally discuss actual

and perceived adverse environmental impacts. Any actual environmental impacts would
be documented and properly cited.

The above work was contracted to the firms of CH2MHill (Appendix 1) and Golder
Associates (Appendix 2). Both CH2MHill’s and Golder’s reports were peer reviewed by
LAW Environmental and Engineering, Inc. and Camp Dresser and McKee, Inc. LAW

and Camp Dresser and McKee were further requested to render a technical opinion
regarding:

Are there any inherent adverse environmental impacts associated with
ASR in coastal Georgia that could not be mitigated by competent and reasonable
engineering design and thus would preclude the siting and construction of such a

Jacility.

Before proceeding further, it is important to remember that ASR is regulated as part of
Underground Injection Control (UIC), which is a federally delegated program from the
United States Environmental Protection Agency (EPA). The legal authority under which
UIC rules are promulgated is the Georgia Water Quality Control Act (O.C.G.A. 12-5-20).
In the spring of 2001, Georgia’s UIC rules were revised to achieve consistency with

changes in EPA regulations. The revised rules, which became effective on April 26,
2001 are provided in Appendix 4.

Georgia’s UIC rules provide:

No person shall operate an ASR in a manner that allows the movement of fluid
containing any contaminant into any aquifer, if the presence of the contaminant
may cause a violation of drinking water standard.

Injected ASR water shall be sited so that both the aquifer and nearby wells are not
contaminated.  [Note: Georgia’s Ground-Water Management Plan further
provides that such a siting study shall only be done by a Georgia P.E. or P.G.]

Injected ASR water shall not contain any contaminate that exceeds promulgated

drinking water standard (i.e., the injected water must meet drinking water
standards).

ASR shall not proceed without the owner first obtaining a permit from EPD; and
the permit may contain provisions for monitoring, testing, and reporting.

Both CH2MHIill and Golder point out several potential impacts (i.e., reducing conditions
in the aquifer, mobilization of metals, disinfection by-products, etc.); however, both firms

also point out that such impacts can be mitigated by proper siting, testing, and
modifications to design and/or operations.



In their concluding remarks, CH2MHIill states:

“Experience during the past 17 years with ASR development in other states has
shown that initial uncertainties, such as the questions posed in this memorandum
(the CH2MHill Assessment) are relatively normal....... Full confidence in the
applicability of ASR technology in Georgia can only come from having at least
one full size ASR well constructed, tested, permitted and placed in operation.
Until that time arrives, partial confidence can be achieved through literature
reviews, studies, investigations, modeling, and site visits to other nearby

operating ASR sites utilizing the upper or lower zones of the Floridan Aquifer as
a storage zone.”

Similarly Golder concludes:

“In summary, ASR has the potential to be a useful water resource management
tool in coastal Georgia.  Some concerns have been identified, but no
environmental impacts have been identified that could not potentially be
mitigated. An active permit program administered by GAEPD could insure that
pre-construction investigations, pilot testing, and ASR design, operation, and
monitoring are adequate to achieve the water resource management benefits
while mitigating environmental impacts.”

Finally, in performing their peer reviews, both LAW and Camp Dresser and McKee
could not identify any inherent adverse environmental impacts that would be associated
with a properly designed and operated ASR system.

-00o0-

With the above in mind, EPD recommends that coastal Georgia stakeholders seriously

consider ASR as an environmentally sound approach to enhance the water supply options
of region.
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Dr. William H. McLemore, State Geologist
Georgia Geological Survey

19, Martin Luther King Drive, S.W., Room 400
Atlanta, GA 30334

Subject: Aquifer Storage Recovery'in Coastal Georgia
Dear Dr. McLemore:

CH2M HILL is pleased to submit our final report entitled “Assessment of Adverse

Environmental Impacts Associated with Potential Aquifer Storage Recovery Projects in
Coastal Georgia.” -

We sincerely appreciate the opportunity to work with the Georgia Geological Survey on this
project and hope that the report will prove to be helpful in addressing some of the questions
that have been raised in recent years regarding this technology. If we can assist further in
any way, please let us know.

We would appreciate receiving a copy of the broader report that you mentioned in our last
telephone conversation, for which this CH2M HILL report would be a part.

Sincerely,

CH2M HIL,

R. David G. Pyne, P.E.

7;%@/44/

Bryan B. McDonald, P.G.
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Background

As of April, 2001, at least 39 ASR projects are known to be operational and fully-
permitted in the United States. At least 50 more projects are estimated to be in
various stages of development, ranging from initial planning to already operational
but not yet fully permitted. These 39 projects are located in 14 states. Application of
this water management technology has been fairly rapid; as recently as 1983 there
were only 3 ASR projects nationally. ASR systems are also operational in Canada,
England, Israel and Australia and are under development in several other countries.

Most ASR projects store water in deep, confined aquifers, as has been proposed for
coastal Georgia. Storage zone depths range from as shallow as 200 feet to as deep as
2600 feet. Geologic conditions for the storage zones include sand, sandstone, clayey
sand, limestone, dolomite, basalt and glacial drift deposits. Projects range from
single wells with recovery capacities of under one million gallons per day (MGD), to
more than 30 wells with combined recovery capacity exceeding 100 MGD. Storage
volumes range from as small as about 10 million gallons (MG) to about 2.7 billion

gallons (BG). Most storage zones contain fresh water while some contain brackish
water.

ASR wells are different in both design and operation from injection wells or
production wells. ASR wells are designed for storage and recovery of high quality
water whereas injection wells are designed and operated for either recharge or
disposal of water. ASR wells resolve the inherent operational drawbacks of single-
purpose injection wells by equipping each well with a pump and operating it in a
dual-purpose mode for both recharge and recovery. This approach to aquifer
recharge typically overcomes the plugging associated with most injection wells, the
hydraulic limitations associated with many surface recharge sites, and the large land
area requirements of these sites. ASR wells are typically backflushed for a few
minutes every few days to few weeks, to remove accumulated particulates from the
well, thereby maintaining long term recharge and recovery rates. Such particulates
tend to plug injection wells, which are not usually provided with a pump capable of
backflushing particulates to waste. Accordingly, injection wells require either an



extremely transmissive injection zone, such as occurs in south Florida, or they
require periodic expensive redevelopment, as for the southern California salinity
intrusion barriers in Orange and Los Angeles counties during the past 40 years.

ASR systems meet a great variety of needs. Most common is the storage of water to
meet seasonal, emergency or long-term needs during drought-flood cycles. Others
include water quality improvement during storage, reduction or elimination of
withdrawals from surface water sources during dry weather periods, salt water
intrusion control, reducing water facility expansion costs, maintaining water
distribution system flows or pressures, and about 20 other applications. Most ASR
systems store treated drinking water. However in recent years a growing number of
ASR systems are storing high quality reclaimed water; partially-treated, high quality
surface water; or groundwater from overlying or underlying aquifers, or from the
same aquifer at a different location.

Typically the same volume of water stored in an ASR well can be recovered. In
some situations it may be possible to recover a greater volume than the amount
recharged, relying upon mixing between the stored water and the surrounding
native water in the aquifer to provide a blend of acceptable quality. In other
situations, leaving a small percentage of the stored water in the ground may be
desirable to restore depleted groundwater reserves; to address concerns regarding
potential geochemical plugging; to form or maintain a buffer zone between stored
water and surrounding brackish or poor quality native water; or to build up a
reserve for future recovery during droughts, emergencies, or anticipated times of
higher demand.

ASR recovered water usually requires no retreatment following recovery, other than
disinfection for potable uses. In a few situations, pH adjustment of the recovered
water or blending with high quality water may also be needed.

The Floridan Aquifer underlies Florida and portions of Georgia and South Carolina.
Within this area, nine ASR projects are operational and at least 30 more are in
development. Of these nine operational projects, four are in locations where the
native groundwater in the aquifer is fresh while the remainder are in locations
where it is brackish. The closest ASR site to coastal Georgia is at Beaufort Jasper
Water and Sewer Authority in South Carolina, immediately north of Savannah. This
site has been in operation for over a year and is being expanded to include two
additional wells.

ASR Proposed Application in Coastal Georgia

During the past few years, ASR has been proposed for application in coastal
Georgia, to meet public water supply needs and also to help reverse salt water
intrusion. As shown in Figure 1, groundwater levels in the upper Floridan aquifer
in coastal Georgia have experienced significant declines during the past few
decades, reflecting primarily industrial and urban water supply withdrawals in the



Savannah area and urban water supply withdrawals in the Brunswick area. Similar
to many other areas along the Eastern Seaboard, salt water intrusion is occurring in
the upper Floridan aquifer in coastal Georgia and adjacent portions of South
Carolina. The occurrence of a large, regional “bowl” in the potentiometric surface of
the upper Floridan aquifer, as shown on Figure 1, presents a good opportunity for
aquifer recharge with seasonally available water supplies from various potential
sources. Any water recharged would be unlikely to leave the region due to the
configuration of the potentiometric surface.

ASR was originally proposed for storage in the upper Floridan aquifer in coastal
Georgia, reflecting regional water management needs and opportunities, and the
minimal amount of information available regarding hydraulic characteristics and
water quality of the lower Floridan aquifer in this area. Subsequently attention has
also focused on the potential for ASR storage in the lower Floridan aquifer. Field
investigations are underway or planned that would provide further information to
support a careful assessment of which storage zone may be preferable.

Several questions have been raised regarding these ASR proposals. Following are
the key questions, as summarized by the Georgia Geological Survey, and answers to
each. :

(1)  What happens during aquifer storage and recovery (ASR)? That is, what
happens to movement of stored water and quality of natural water under ASR?
What are the effects locally? What is the localized movement? What are the effects
across the full sphere of influence? How far does the sphere of influence extend?
Others include:

- effects of mixing aerobic and anaerobic waters?

- Geochemical effects upon the aquifer itself (on the limestone
formations)

- Effects of prior treatment, and
- Mixing effects in general.

Aquifer storage recovery is defined as the “storage of water in a suitable aquifer
through a well during times when it is most available, or when water quality is most
suitable, and recovery from the same well when the water is needed, or when water
quality from other sources is unacceptable. During storage of water in an ASR well,
a large bubble of stored water is created, displacing water in the aquifer around the
well. Typically the bubble of stored water is sufficient in volume to meet a planned
recovery duration, such as 90 days, at the rate available from that well, such as 2
million gallons per day (2 MGD) while meeting water quality criteria established for
that well during recovery. This is called the “stored water volume.” It is perhaps



helpful to envision this process as shown in Figure 2, which is a somewhat
simplified version of the expected conditions underground during ASR operations.

Figure 2 shows a typical ASR well in a confined artesian aquifer, as may be expected
in coastal Georgia.

Surrounding the stored water volume is a buffer zone, which contains a mix of
stored water and native groundwater. The volume required in the buffer zone
depends upon several factors such as aquifer thickness, porosity, permeability,
degree of confinement, regional hydraulic gradient, native water quality and
recovery water quality criteria. If there is no real difference between recharge water
quality and native groundwater quality, there may be no buffer zone volume
required. Most ASR sites, however, require a buffer zone volume due to the
presence of one or more water quality constituents that would otherwise require
treatment of the recovered water in order to meet drinking water quality standards.

The sum of the stored water volume and the buffer zone volume is called the
“Target Storage Volume,” or TSV. Experience at several operational ASR sites
suggests that, once the TSV is reached, subsequent ASR operations usually achieve
full recovery of the water stored after that time. Prior to achieving the TSV, less than
full recovery may occur. The radial distance from the ASR well to the edge of the
TSV depends upon the thickness and bulk porosity of the aquifer, and the volume of
water stored. However typical radial distances are a few hundred feet around each
ASR well. Within the TSV, water quality will change during recharge and recovery.

Figure 2 shows the stored water volume, buffer zone volume, and the Target Storage
Volume.

Outside the TSV, native groundwater quality is theoretically unchanged. The water
may move slightly in one direction during recharge and the opposite direction
during recovery, however the quality of that water would not be changed as a result
of ASR operations. During a typical recharge and recovery cycle, such as one year,
the net movement of the native water surrounding an ASR well would be no
different than if the ASR well did not exist, unless the ASR well is operated
purposefully to leave water underground, such as for a salinity barrier, or to recover
more water than is recharged, such as for a wellfield.

Although water quality changes occur fairly close to an ASR well, pressure changes
extend much further, creating a “sphere of influence” for ASR wells. Water level in
adjacent wells may rise during recharge and decline during recovery at distances of
up to a few thousand feet from an ASR well. Table 1 indicates approximate changes
in water levels in wells at distances of 100, 1000 and 10,000 feet from an ASR well
recharging at an assumed rate of 2 MGD in the upper Floridan aquifer near
Savannah. Assumed transmissivity is 30,000 ft?/day, which is perhaps
representative of the Savannah area. Actual transmissivities in coastal Georgia vary
over a wide range, from less than 10,000 to more than 200,000 ft2/day, so the
drawdown estimates shown in Table 1 are approximate. Water level impacts



associated with ASR wellfields, instead of single wells, will be proportionately
greater.

Table 1 Distance Drawdown Impacts
Radial Distance (ft) 100 1000 10,000
Change in Water Level (ft) 24 0.1 -

During a typical annual cycle of ASR operations, the net change in water level in
adjacent wells will be about zero, unless the ASR well is used for multiple purposes,
including salinity control. With salinity control operation, water levels would
increase during recharge and decline during recovery, however recharge volume
would exceed recovery volume, and therefore annual average change in regional
water level would be positive.

As described above and as shown in Figure 1, ASR operations proposed in coastal
Georgia would superimpose any water level changes in adjacent wells upon an
aquifer that has already experienced significant historic water level declines. An
important criterion for engineering design and operation of ASR systems will be the
appropriate selection of the well location and storage zone to be utilized,
considering the high gradient occurring historically in the upper Floridan aquifer
and the consequent potentially high rate of lateral movement of stored water around
an ASR well between the time of recharge and the time of recovery. Where the
water quality difference between the stored water and the native groundwater is
insignificant, any lateral movement of the storage bubble should also be
insignificant. In the Savannah area, in particular, the configuration of the “bowl” in
the potentiometric surface is such that no recharged water will flow out of the
regional system, except by pumping from other wells.

As described above, Figure 2 is a somewhat simplistic version of what actually
happens underground around an ASR well. In reality, the boundaries between the
storage volume, the buffer zone volume and the surrounding native water in the
aquifer are not that well defined, representing a gradation from one quality to the
next. In fine-grained aquifers, such as sand or sandstone, this proposed “model” of
the TSV is probably fairly accurate, whereas for karst limestone aquifers, the
boundaries are more diffuse. For most purposes, however, this model is sufficient
since it leads to workable initial estimates of the TSV required for new ASR sites.
These initial estimates are then adjusted during initial operations, as needed to
achieve ASR objectives at each site.



The general framework described above is applicable for most ASR sites,
particularly those storing treated drinking water in limestone aquifers, as proposed
for coastal Georgia. It is most appropriate for conservative water quality
constituents, such as chloride and total dissolved solids. It is less appropriate for
non-conservative constituents, for which concentrations may change during ASR
storage due to reaction processes other than simple mixing, dilution, diffusion and
dispersion. Such non-conservative processes typically include geochemical and
microbiological processes. ASR experience since 1983 in the United States has
shown that ASR storage of treated drinking water is successful, such that non-
conservative underground reactions are insignificant in most, but not all sites.
Drinking water is disinfected so bacterial reactions underground tend to be limited.
Furthermore, drinking water tends to be relative stable from a geochemical
perspective, so subsurface geochemical reactions are usually minor , transitional and
insignificant. When treated drinking water is stored in an ASR well, it usually meets
drinking water standards during recovery, although disinfection is provided after
recovery before the water is sent to the distribution system in order to meet
regulatory public health requirements. At a few sites, pH adjustment of the
recharge water or the recovered water is provided, in order to control potential
reaction processes.

Effects of Mixing Aerobic and Anaerobic Waters

Native water in aquifers used for ASR storage is usually, but not always, devoid of
oxygen, reflecting bacterial and geochemical processes naturally occurring
underground during movement from the location of recharge at an outcrop area to
locations of discharge, such as production wells or natural discharge into the
Atlantic Ocean. Typical travel times for this movement range from hundreds to
thousands of years, or longer, during which oxygen in the recharge water is
consumed and eventually converted to minerals in the aquifer, such as carbonate.

When this water quality equilibrium is disturbed, such as through recharge in an
ASR well, the composition of minerals and clays in the aquifer may tend to change,
moving toward a new equilibrium through a variety of natural processes such as ion
exchange, adsorption, desorption, solution and precipitation. These various
processes have been the subject of extensive geochemical research to define the
reaction pathways, reaction times, and end products. Models are now available,
with varying degrees of complexity, to provide a reasonable basis for estimation of
geochemical changes expected underground during ASR storage, the rate at which
these changes occur, and the reactions that occur along this pathway. The models
usually indicate the tendency of mixed waters, in the presence of certain minerals, to
dissolve or precipitate clays or other minerals, depending upon the pH and the Eh of
the various waters. Oxidation reduction (“Redox”) potential, or ORP, are other



terms for Eh that are commonly used, depending upon the equipment used for
measurement.

Somewhat less well-defined are the bacterial changes occurring underground.
Bacteria are naturally present in ASR storage zones, even at great depths. Addition
of water containing oxygen, carbon, nutrients, or with other constituents different
than native groundwater, can cause a change in bacterial metabolic activity that can
raise or lower pH values in the stored water, thereby potentially triggering
geochemical reactions. Similarly, geochemical changes can cause a shift in pH,
affecting microbial activity. |

Fine-grained ASR storage zones such as sands, sandstones and clayey sands tend to
be more reactive than limestone, dolomite or basalt aquifers, which sometimes have
greater pore space. ASR experience during the past 17 years in the United States has
demonstrated the need for extensive coring and geochemical analysis to support
successful development of ASR wells in new areas utilizing such fine-grained
aquifers. Redox reactions in such aquifers can cause the precipitation of iron and the
dissolution of manganese, if minerals containing these elements are present in the
storage zone and if these reactions are allowed to occur in ASR wells. Successful
experience has shown that such reactions can be controlled, such as through pH
adjustment of the recharge water, so that recovered water does not contain iron or
manganese at unacceptable concentrations, even from storage zones where iron and
manganese are abundant.

On the other hand, substantial experience in limestone aquifers has shown them to
be relatively non-reactive. Other than water quality changes due to mixing and
dispersion, recovery water quality has typically been similar to recharge water
quality. Accordingly, ASR systems in limestone aquifers have received significantly
less attention to changes in water quality associated with storing water from surface

and groundwater sources that may or may not contain oxygen, in aquifers that do
not contain oxygen.

Recent experience has shown that limestone aquifers can be more reactive than
previously understood. During the past two years, detailed investigations at two
ASR sites under development in Florida, utilizing limestone aquifers for storage of
treated drinking water, have shown that minerals occurring in the storage zone can
release arsenic into the recovered water at elevated concentrations compared to
either the recharge water or the native groundwater. Based upon these
investigations, the following preliminary conclusions have been drawn:

8 The occurrence of arsenic in the recovered water from ASR wells is a
transitional phenomenon, most likely to occur at new ASR sites during cycle
testing and initial operations. Through natural attenuation processes
occurring in the aquifer, arsenic concentrations diminish with time,
approaching background concentrations after four to eight operational cycles.



Concentrations also appear to diminish with distance from the ASR well and
are probably contained within the stored water volume and certainly within
the target storage volume surrounding an ASR well. Arsenic is absent in the
recovered waters from long-term operating ASR systems at several Florida
and South Carolina sites that have been checked to date.

ASR systems utilizing groundwater sources are less likely to have a problem
with arsenic in the recovered water during cycle testing and initial
operations. ASR systems utilizing surface water sources are more likely to
experience arsenic in the recovered water during cycle testing and initial
operations, however such occurrence will attenuate with continuing
operations.

If arsenic is initially present in the recovered water from an ASR site at
unacceptable concentrations, that geochemical process can be controlled
quickly and relatively inexpensively through a chemical feed into the
recharge water. The arsenic naturally present in the aquifer will stay in the
aquifer and will not be dissolved out through successive storage and recovery
operations so long as the chemical feed continues.

It is possible to accelerate the process by which arsenic concentrations decline
in the recovered water from an ASR well, through initial control of pH and
oxidation processes. At some sites this approach for managing As
concentrations during the transition period may be worthwhile if options are
available for blending and/or treatment of the recovered water in early
cycles.

Arsenic is present naturally in Floridan aquifer limestones and in natural
groundwaters in the upper Floridan aquifer. It is one of the most common
elements globally present in the environment. It is often associated with the
presence of pyrite minerals and the occurrence of iron and manganese in
natural groundwaters. For 17 years of ASR operations, and at eight operating
sites to date in the Floridan aquifer, arsenic has not been a problem. However
until recently it has not been studied intensively during initial cycle testing
programs. Typically these programs have demonstrated that natural
groundwater, recharge water and recovered water at the end of the cycle
testing programs, have complied with drinking water standards. Expensive
coring and geochemical analyses in limestone ASR systems has typically not
been implemented since there appeared to be no need. In other states with
finer-grained aquifer systems, such coring and geochemical analysis is
routine. As a result there is little information on differences in pyrite
concentrations, and other minerals that may contain arsenic, at different ASR
locations in the Floridan aquifer. In the absence of such information, the
potential for arsenic formation should be assumed to be roughly the same at
different locations where the aquifer is present.



6. Where it occurs, the generation of As appears to be primarily due to an
oxidation-reduction reaction, reinforced by natural bacterial activity
underground. Groundwaters and other water sources with low Redox
potential are less likely to dissolve arsenic from aquifer minerals that may be
present. Surface waters tend to have higher dissolved oxygen concentrations
and also higher concentrations of natural organics that can drive bacterial
reactions underground, potentially altering pH and releasing any arsenic that
may be present in the aquifer. As described above, such reactions are
believed to be transitional and their rate and duration can be controlled, as
needed to meet regulatory constraints.

Geochemical Effects on the Aquifer Itself (on the limestone formation)

No significant geochemical effects on the aquifer have been noted at operating ASR
sites to date.

At the first ASR site, in Manatee County, Florida, dissolution of the limestone was
noted in the immediate vicinity of the well during initial cycle testing conducted
prior to 1983. This manifested as a steady rise in the specific capacity of the well
during both recharge and recovery of the initial test cycles. Specific capacity is a
measure of the rate of water movement into or out of the well (gallons per minute),
divided by the increase or decrease in water level at the well (feet). Once the
mechanism was understood and quantified, the source of water for recharge was
changed so that the recharge water would be treated drinking water, which is
geochemically stable, rather than a more convenient piping location at the original
ASR site, which was at the water treatment plant, that yielded water from an
intermediate point in the process flow stream that was not geochemically stable.
The Manatee ASR site is now expanding for the third time, which reflects
satisfactory ASR performance at that site.

Temporary well plugging has been noted at most ASR sites, however thisis a
normal part of the operation and is usually resolved by periodic backflushing of the
well to remove accumulated particulates in the well bore or the screen and gravel
pack. Permanent plugging of the aquifer around the well, such as might occur from
precipitation of calcium carbonate or ferric hydroxide, has been a source of concern
at a few ASR sites where the potential for this to occur was evident, however to the
best of our knowledge no such plugging has been noted. Aquifer performance tests
have been conducted at a few sites, to compare aquifer hydraulic data before and
after ASR operations. However such comparisons have not noted any significant
differences. Plugging potential in limestone aquifers, such as those present in
coastal Georgia, is less likely to be significant. Plugging potential is greater in ASR

systems using fine-grained aquifers, which often require more frequent backflushing
of ASR wells during normal operation.



Effects of Prior Treatment

Water proposed for recharge into coastal Georgia ASR wells would meet state and
federal drinking water standards. Treatment prior to recharge would depend upon
the water source, however if it is assumed that this is a river such as the Savannah,
Ogeechee or Altamaha rivers, then treatment might include a range of processes
such as disinfection, chemical coagulation, precipitation and filtration. Other water
sources, such as brackish aquifers, might include membrane treatment such as
reverse osmosis. Microfiltration or ultrafiltration processes may also be used to
render the water suitable for drinking purposes or for ASR storage.

To enhance the likelihood of ASR success, water treatment process design, ASR
system design, and the design of connecting piping should be integrated into a
single project so that the quality of water for recharge, and the quality of water
produced during recovery, are compatible with water distribution system needs and
opportunities while also being compatible with aquifer mineralogy and native water
quality. Where there is inadequate integration or coordination of treatment,
transmission and recharge components, a higher risk exists that the ultimate plan
may not work properly.

In some situations, the quality of drinking water leaving the water treatment plant is
not compatible with the materials of construction for the piping in the transmission
or distribution system, creating corrosion problems. Corrosion reaction products
then can plug ASR wells during recharge in addition to arousing customer
complaints regarding “red water” conditions. In other situations, treatment
processes may continue in the piping system, creating aluminum hydroxide flocs or
microbial masses, either of which can cause well plugging. Also, the geochemical
and other constraints imposed by the aquifer mineralogy in the ASR storage zone
may not be compatible with the quality of water available for recharge. These are
not common problems, however they occur sufficiently often that they need to be
considered at each ASR site. In such situations, further pretreatment of the recharge
water may be required, in addition to, or instead of, more frequent backflushing of
the ASR well. This may typically include filtration, sand separation or pH
adjustment.

As posed in the question above, “prior treatment” is assumed to include those
supplemental processes that may be required in addition to treatment to meet
drinking water standards. Prior treatment may therefore include supplemental
filtration, sand separation or pH adjustment. Supplemental filtration has never been
required for recharge of ASR wells in the Floridan aquifer storing treated drinking
water. This reflects the high quality of the water source and the high permeability of
the storage zone typically utilized for ASR storage.



Sand separation is sometimes required in areas utilizing sand and sandstone
aquifers for production purposes, or for ASR storage, since sand may accumulate in
distribution systems even though it is not present at significant concentrations in the
water leaving the water treatment plant. During ASR recharge, flow direction in
nearby portions of the water distribution system may reverse direction, flushing
sand deposits into the ASR well and contributing to well plugging. This is also not a
problem for ASR systems utilizing the Floridan aquifer.

pH adjustment of the recharge water is uncommon in drinking water ASR systems,
occurring where needed to control mobilization of manganese and arsenic, or
precipitation of ferric oxyhydroxide during ASR storage. pH adjustment tends to
condition a portion of the aquifer in a short radial distance around an ASR well so
that undesirable reactions are either controlled or do not occur. Such reactions
include control of iron precipitation as ferric oxyhydroxide, manganese solution,

and also solution of arsenic. At the edge of this treatment zone, no change in pH
would be anticipated.

In a few states, laws or regulations have been implemented or are under
consideration that call this short radial distance a “Zone of Discharge (ZOD)” or an
“ ASR Management Zone (AMZ),” within which natural subsurface treatment is
allowed to occur. In the Netherlands, this practice has been utilized for over 50
years to treat the water supply for the City of Amsterdam. Itis also practiced in
Australia, to improve the quality of recharge water being stored in aquifers
containing brackish water. In the United States such practice is probably consistent
with federal law (1974 Safe Drinking Water Act) but may be inconsistent with the
current interpretation of EPA regulations promulgated in 1981 pursuant to that law.

Mixing Effects in General

As described above, mixing effects occur within the target storage volume for an
ASR well, which is usually within a radius of a few hundred feet. For very thin

aquifers and large storage volumes, the TSV may extend to perhaps as far as 1000 to
2000 ft radius, however that would be unusual.

Mixing effects would include primarily dispersion but also diffusion. Dispersion
would be advective, including movement downgradient away from the ASR well
due to the slope of the potentiometric surface in the upper Floridan aquifer, as
shown in Figure 1. Lateral dispersion would also occur around an ASR well, due to
mixing between stored water and native groundwater during recharge and recovery
operations. To put these into perspective, the diameter of a typical stored water
bubble might be 1000 ft. During a typical six month period between the middle of
recharge and the middle of recovery, this bubble might move downgradient about
100 ft due to the steep gradient of the potentiometric surface in the Savannah area.
If the same volume of water stored is recovered, the quality of the water at the end
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of recovery would represent a blend of recharge water and native groundwater in
the aquifer. Fortunately in the Savannnah area, the two water qualities are probably
similar so there would be no practical adverse effects due to mixing. However in
other areas where the Floridan aquifer is brackish, this level of mixing may impact
ASR operations by creating a situation where some of the stored water is lost every
year. Where the value of stored water is high, this could be a substantial annual
cost, perhaps necessitating selection of a different site in the same aquifer, or a
different aquifer for storage. Fortunately such situations are rare for ASR wells.

Diffusion would also occur, between the solution channels within the limestone, and
the adjacent pores within the limestone. However, this “dual porosity” aspect of
Floridan aquifer limestones is believed to be a relatively insignificant mechanism
affecting quality of the recovered water during initial ASR testing and operations.

(2)  Potential for introduction of regulated or radioactive (ie: tritium) chemicals
into the subsurface, and in the event that if such chemicals are introduced,
the viability of successfully removing such chemicals and preventing them
from being introduced into a public drinking water distribution system.

Water proposed for recharge into ASR wells in coastal Georgia would probably be
from a public drinking water distribution system. Monitoring programs are already
in place, or would be required, to protect public health and water quality. If any
regulated or radioactive chemicals are in the drinking water, their introduction into
ASR wells may be considered a much smaller threat to public health than their
direct consumption for public supply purposes. Many regulatory procedures are in
place to ensure the high quality and reliability of water provided to the public for
drinking purposes in Georgia. Since the continued availability of this valuable
resource is threatened by salt water intrusion in some areas, ASR is a water
management tool under consideration to enhance water supply reliability by
helping to control salt water intrusion.

Many barriers are available to protect public health and drinking water quality. In
the event of contamination of any surface water source, such as due to an accidental
spill of contaminants, the water treatment plant intake could be shut down until the
contaminants have passed by. Monitoring systems are in place on the Savannah
River for this purpose, and others could be added if other rivers are developed for
water supply purposes. A second barrier to protect public health is the water
treatment plant, to the extent that treatment processes are capable of treating the
contaminants of concern. A third barrier is that ASR recharge would probably only
occur during high flow months of the year, so any source water contamination
occurring at other times of the year would not lead to aquifer recharge of those
contaminants able to pass through the water treatment plant. A fourth barrier is
that contaminants able to pass through the water treatment plant processes would



tend to be non-reactive, traveling easily with the water. As a result they should be
removable from an ASR well by pumping to waste a sufficient volume of water from
the well so that concentrations of the contaminant are reduced to acceptable levels.
Typically this might include pumping 1.5 to 2 times the volume of contaminated
water introduced into the well. Assuming that any contaminant spill is detected
within one day, recovery of at least 4 MG of stored water should resolve the
problem. This would require about two days. A fifth barrier is that any portion of
the contaminant remaining underground in the ASR well despite each of the first
four barriers, would be subject to natural attenuation due to mixing, geochemical
and bacterial processes in the aquifer during storage, prior to recovery. The ASR
well could be operated in more of a production well mode for a limited time period,
such as recovering 120 percent of the recharge volume each year, thereby controlling
movement of the contaminant toward adjacent wells and ensuring that all stored
water is recovered from the ASR well. This water would not be sent into the public
distribution system until testing indicates that it meets applicable water quality
standards.

The presence of tritium in water from the Savannah River is widely known. The
Beaufort Jasper Water and Sewer Authority obtains its water supply from this river,
and has maintained records of tritium levels for many years. Tritium has a half-life
of 13.4 years, so activity levels are declining. Typical tritium activity levels at the
water treatment plant intake location on the Savannah River from July 1987 to June
1998 ranged from a maximum of 4460 picoCuries/litre (pCi/L) in January 1989 to a
minimum of 111 pCi/L in April 1993. The drinking water standard for tritium is
20,000 pCi/L, so at no time did the activity level exceeded 25 percent of the standard
during this monitoring period. Furthermore, a clear declining trend in tritium
concentrations is evident in the data from this period of record.

Recharge water containing any tritium and entering an ASR well will probably be
recovered for direct potable use within a few months of storage. However any
portion of the water remaining underground will tend to move toward a point of
discharge, such as an adjacent well. Assuming subsurface movement of between 35
and 350 feet per year in coastal Georgia, due to the gradient of the potentiometric
surface, the distance to an adjacent water supply well that would achieve a further
half-life reduction of tritium activity would be 470 to 4,700 feet. This is provided
only as a point of reference, since all such activity levels are consistent with drinking
water standards.

(3)  Potential impact upon wells belonging to other persons (ie: loss of water)

Potential impacts may include changes in water levels or changes in water quality,
both of which have been discussed above. Careful siting of any ASR facility will
ensure that no adverse effects result from ASR operations.



Changes in water levels will depend upon the intended use of an ASR system. If it
is used only for seasonal water storage, water levels in adjacent wells will be
unchanged on an annual average basis, however they will rise during recharge
periods and fall during recovery periods. The amount of rise and fall will need to be
determined on a site-specific basis, however Table 1 provides a preliminary estimate
based upon representative data for the Savannah area. If the ASR system is
intended for multiple uses, such as seasonal storage and also salt water intrusion
control, then avérage water levels will tend to rise, offsetting the substantial decline
that has occurred during the last few decades of heavy groundwater production.
This would tend to reduce pumping costs for adjacent well owners.

Changes in water quality are not expected outside the radius associated with the
target storage volume for an ASR well. As described above, for a typical ASR well
in the upper Floridan aquifer in the Savannah area, the radius of the TSV is
estimated at approximately 2000 feet or less, associated with seasonal water storage
operations. Adjacent wells located outside this radius would be unlikely to
experience any change in water quality associated with seasonal storage operations.
If much greater volumes are stored, or if storage durations are such that
considerable advective transport of the stored water occurs, it is possible that
adjacent wells located downgradient of the ASR well might experience a slight
change in water quality, associated with blending treated drinking water with the
fresh water naturally occurring in the aquifer.

(4)  Other negative impacts

We are aware of no other negative impacts upon groundwater quality, public health
or the environment, associated with ASR operations at 39 sites around the United
States. The principal driver for implementation at these sites has been the relatively
low cost of meeting urban and ecosystem water needs with ASR technology,
compared to other conventional options. Typically ASR can meet these needs at less
than half the capital cost of other options.

A very important secondary driver has been the perceived environmental benefits of
ASR compared to other water storage technologies. In particular, ASR has been
supported by many water management and regulatory agencies as a desirable
approach that provides sustainable water supplies, reducing or eliminating the need
for diverting water from rivers and lakes during dry periods, maintaining minimum
flows and levels, and reducing or eliminating the need for construction and
operation of surface storage reservoirs.

Opposition to ASR has occurred at two locations that we are aware of. The first was
in Kerrville, Texas, about five to eight years ago when whitewater kayaking
recreational interests intervened legally to block efforts by the Upper Guadalupe
River Authority to operate an ASR system that they had already constructed and
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tested. Their opposition was based upon concern regarding diverting water from
the river at high flow periods. After three court decisions in three years, that legal
challenge was ended and the Kerrville ASR system is now in satisfactory operation,
with expansion underway. The second area of legal opposition has been in coastal
Georgia, which has been the subject of this brief report.

Other technical and regulatory issues have arisen on virtually all of the operating
ASR sites, and have been successfully resolved. Typically the first ASR system in
each new state requires a lot of effort to resolve issues and questions that are raised.
Once the first system is constructed and placed into operation, other systems usually
follow rapidly to capitalize on the benefits and cost-savings of ASR.

Some more common water quantity issues have included whether or not water can
be stored in wet periods and recovered in dry periods, as intended, or whether
recharge and recovery should be constrained to occur within a calendar year or a
water year, regardless of whether or not that year is relatively wet or dry.
Ownership or permitted rights to the stored water is also an issue in some areas,
although the direction of legal and regulatory decisions is to sustain permitted rights
to recover the stored water from an ASR well, rather than requiring separate permits
for recharge and for recovery. Mitigation of any significant adverse effects upon
water levels in wells of adjacent well owners has sometimes arisen as a site-specific
issue. And the definition of ambient groundwater quality in a proposed storage
zone has been the subject of recent discussion in Florida, whether to evaluate this
based upon pumping a well for a few hours or days until water quality reaches an
equilibrium, or to define it after sampling three casing volumes immediately after

well construction, regardless of whether water quality equilibrium has been
reached.

A high profile, current ASR water quantity issue that is now the subject of much
discussion is the planned Comprehensive Everglades Restoration Program in south
Florida. That plan includes over 300 ASR wells capable of recharging and
recovering water at combined rates up to two billion gallons per day. Concern has
been expressed that such high rates may hydrofracture the Hawthorn confining
layer over the upper Floridan aquifer, which is proposed as the storage zone. The
confining layer is about 600 feet thick and is composed of stiff clays, low
permeability limestones and clayey sands. A series of ASR Demonstration Sites are
planned to gather the information needed to properly address this issue.
Preliminary modeling conducted by CH2M HILL suggests that this should not be a
problem. It is significant, perhaps, to the proposed regional ASR applications in
coastal Georgia since this Florida project is the first planned large-scale regional
application of ASR technology.

Some water quality issues of concern at different sites have included the need for
control of iron, manganese, fluoride, hydrogen sulfide, chloride, total dissolved
solids, sulfate, arsenic, radium (224, 226, 228), radon, gross alpha radioactivity,
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disinfection byproducts, coliform bacteria, protozoa, viruses, nitrate, nitrite,
ammonia, phosphorus, mercury, dissolved gases, and other natural constituents
sometimes found in native groundwaters or in aquifer minerals. For some of these
issues, the effort required to achieve resolution has been time consuming, however

in each case to date a satisfactory resolution has been found, enabling these projects
to move forward.

Conclusion

Experience during the past 17 years with ASR development in other states has
shown that initial uncertainties, such as the questions posed in this memorandum,
are relatively normal. Itis hoped that the responses that have been offered will
prove helpful in guiding future ASR development in coastal Georgia and other parts
of the state, providing one more proven water management tool to those charged
with managing regional water resources and providing urban, domestic,
agricultural and industrial water supplies.

Full confidence in the applicability of ASR technology in Georgia can only come
from having at least one full size ASR well constructed, tested, permitted and placed
into operation. Until that time arrives, partial confidence can be achieved through
literature reviews, studies, investigations, modeling, and site visits to other nearby
operating ASR sites utilizing the upper or lower zones of the Floridan aquifer as a
storage zone. In South Carolina, such sites are located at Beaufort Jasper Water and
Sewer Authority, Mt Pleasant Waterworks, and Grand Strand Water and Sewer
Authority, while an additional site is approaching completion of testing at Kiawah
Island. In Florida, the nearest operational ASR sites are at the City of Cocoa, Town
of Palm Bay, City of Tampa, Manatee County, Peace River/Manasota Regional
Water Supply Authority and City of Boynton Beach.

To assist in this process, pertinent references regarding ASR are included at the end
of this report. Several web sites have also been developed for ASR, including
www .asrforum.com, which has links to some of the other web sites.
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EXECUTIVE SUMMARY

The Georgia Environmental Protection Division Geologic Survey Branch (GAEPD) requested
that Golder Associates Inc. identify environmental impacts that might arise from construction and
operation of an aquifer storage and recovery (ASR) system in the Floridan Aquifer of coastal
Georgia. This review included an examination of the following issues identified by GAEPD as

being of significance to coastal Georgia stakeholders:

e Movement and distribution of water recharged to the aquifer;

e Pressure effects resulting from injection, including ground stability or water level
impacts on wells adjacent to the ASR well field;

e Alteration of the quality of the water recharged to the aquifer (including the likely
effects of chemical reaction between the recharged water and the Floridan Aquifer
limestones);

e Alteration of the quality of any in situ groundwater affected by ASR operations
(including general mixing effects and the effect of mixing aerobic and anaerobic
water);

e Potential for the introduction of regulated or radioactive substances (e.g. tritium) to
the Floridan Aquifer; and

e Likelihood that contamination can be successfully remediated.

Golder Aésociates performed a limited review and assessment of the published and unpublished
technical literature on ASR and considered the physical and hydrochemical processes of ASR in
light of the characteristics of the Upper and Lower Floridan Aquifers. No instances where
aquifers have become polluted as a consequence of ASR have been reported by EPA. In addition,
no literature was reviewed that identified physical impacts resulting from an operating ASR.
However, physical and hydrochemical processes of ASR could result in environmental impacts
depending on the design and operation of a specific ASR system, the characteristics of the storage
aquifer and confining or interconnected units, and the utilization of other production wells.

Potential impacts of ASR in the Floridan Aquifer of coastal Georgia might include:

Lower Floridan Aquifer

e Generation of suspended iron and manganese oxi-hydroxide sediment due to
dissolved oxygen in the injected water; 4

e Generation of Disinfection by Products (DBP's) as a consequence of organic matter
oxidation by disinfection chemicals present in the injected water;

o Increased solute concentrations in the Upper Floridan Aquifer as a consequence of
the ASR-induced displacement of poor quality water from the Lower Floridan.

Golder Associates



Georgia Geologic Survey April 2001
Dr. William McLemore -E-2- 003-3019.002

Upper Floridan Aquifer

e Uncontrolled discharge from improperly abandoned wells, loss of yield in nearby
production wells, and ground destabilization effects linked to water level changes
during injection and recovery;

o Suspended sediment and DBP generation similar to that described for the Lower
Floridan Aquifer;

e Increased concentration of dissolved uranium due to oxidation of uranium-bearing
minerals by dissolved oxygen in the injected water;

e Increased sulfate and metal concentrations and decreased pH as a consequence of
pyrite oxidation in the Upper Confining Unit due to ASR-induced dewatering of the
unit;

e Lateral migration of poor quality water to other production wells due to flow in large
diameter conduits in the southern coastal area and steep hydraulic gradients in the
northern coastal area;

e Diffusion of exchange of solutes between the injected water and the aquifer matrix.

In each case, the probability of the impact being realized, the severity of the impact, and the need
for and design of impact mitigation measures could be assessed by site-specific investigations for

a proposed ASR. Such investigations would:

e Describe the local geology, hydrogeology, and hydrochemistry;

e Model the behavior of the aquifer and associated units during alternative injection
and recovery scenarios;

e Define source-pathway-receptor relationships (e.g. the influence of the proposed
ASR on other production wells or sensitive hydrologic systems).

Following the initial assessment, pilot testing would be an effective means of validating models,
making direct observations of physical and hydrochemical processes, and comparing alternative
ASR designs and operating schedules. Finally, monitoring water quality, aquifer characteristics,
and ground conditions in potentially sensitive areas during ASR operation would alert operators
to possible concerns. Such a monitoring program implies effective facility maintenance, staffing,

and operator training as a necessary requirement of ASR operation.

In summary, ASR has the potential to be a useful water resource management tool in coastal
Georgia. $ome concerns have been identified, but no environmental impacts have been identified
that could not potentially be mitigated. An active permit program administered by GAEPD could
insure that pre-construction investigations, pilot testing, and ASR design, operation, and
monitoring are adequate to achieve the water resource management benefits while mitigating

environmental impacts.
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1.0 INTRODUCTION
1.1 Background

Aquifer storage and recovery (ASR) is a water resources management technique in which treated
water is stored by injection into permeable geologic formations. Common ASR applications

include:

e Meeting demand during periods when the available reserves of raw water are depleted
(during droughts, for example);

e Meeting demands which exceed the available treatment capacity (peak demand
management); '

e Managing groundwater levels for the purpose of maintaining well-field yields or
controlling salt-water intrusion.

During typical ASR operations, treated water from a surface source or supply aquifer is injected
into an alternate aquifer when surplus water resources are available, demand is low, and surplus
treatment capacity exists (Figure 1). The duration of the subsequent storage period is usually a
function of seasonal influences on resource availability and demand. A combination of demand,
available yield and the total volume of treated water in storage determine the rate and duration of

recovery.

Operational ASR facilities are found in Europe, Africa, Australia and the United States. Systems
in the United States have been in operation or in pilot studies for about thirty years, including
approximately 34 facilities in Florida, several of which utilize the Floridan Aquifer. Typically,
these facilities utilize either treated surface water or treated ground water as their supply source.
However, Florida has recently issued two construction permits, received another construction
application and held two pre-application meetings with several utilities interested in using
reclaimed wastewater as an ASR source water. Raw ground water injection and raw surface

water injection are also proposed (ASRIT, 1999).

In South Carolina, three ASR systems are operating and one system has been under study for 6
years (Campbell, 2000):

¢ The Beaufort-Jasper Water and Sewer Authority injects treated Savannah River water
into the Upper Floridan Aquifer to supply peak demands during summer months, thereby
avoiding the need to build an additional treatment plant. The ASR system has operated
for one year. Last year 140 million gallons were injected and 120 million gallons were
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withdrawn at a rate of about 2.5 mgd. The withdrawn water is treated lightly (slight
disinfection) and mixed with treated surface water. Plans call for increasing capacity to
500 million gallons (Saxon, personal communication). ,

e The Mt. Pleasant Waterworks uses reverse osmosis to treat approximately 400 to 500
gal/min (less than 1 mgd) of water withdrawn from the Cretaceous Middendorf Aquifer.
Excess water is injected into the Santee Limestone, a Lower Floridan equivalent,
allowing the reverse osmosis system to operate at a constant rate.

o The Grand Strand Water Authority serves the seasonal peak demand of Myrtle Beach by
injecting treated surface water into the Cretaceous Black Creek Aquifer.

e The U.S. Geological Survey has been testing an emergency ASR system for the City of
Charleston to provide water during severe weather when the old distribution system
typically experiences problems. This system is somewhat unusual in that it will rely on
one time injection of treated surface water into the Santee Limestone.

In Georgia, the state legislature has instituted a moratorium on ASR permitting in order to allow
the Georgia Environmental Protection Division (GAEPD) to consider the benefits and
consequences of ASR in the coastal area. Additionally, the GAEPD is interested in the utility of

ASR in managing salt water intrusion in the vicinity of Savannah and Brunswick.

1.2 Report Objective and Approach

The purpose of this report is to identify environmental impacts that might arise from ASR
operations in the Floridan Aquifer of coastal Georgia and to identify possible means by which
impacts could be mitigated or managed. For this report, environmental impacts are taken to be
any situation or circumstance that has the potential to cause harm or damage to human health or

the environment, including:

e Physical impacts such as flooding, loss of well yield, and ground destabilization effects
(such as ground heave, subsidence, or hydraulic fracturing);

e Water quality impacts, such as concentrations of chemicals or micro-biological
organisms that are in excess of those currently permitted in drinking water.

To identify potential impacts and mitigation measures, Golder Associates Inc. (Golder) reviewed
literature describing the hydrogeology and hydrogeochemistry of the Floridan Aquifer of coastal
Georgia and assessed critical features of the aguifer system relative to ASR. Floridan Aquifer
characteristics were then compared to theoretical and actual descriptions of ASR processes, as
documented in peer-reviewed journals, conference proceedings, published and unpublished
reports and on the internet. Owing to marked differences in Floridan Aquifer hydrogeology, the
potential for ASR-related environmental impacts is discussed in terms of the northern (Savannah)

and southern (Brunswick) coastal areas.
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In identifying ASR impacts and mitigation measures, Golder made several assumptions, as
directed by GAEPD:

¢ Any ASR system will require a permit from GAEPD;
e ASR permit applicants will have to perform site specific investigations under the

direction of qualified geologists, hydrogeologists, and engineers to address the potential
for adverse environmental impacts;

¢ Only entities with sufficient capital to invest in appropriate operational facilities, staffing,
and operator training will be permitted to develop ASR;
e Any water injected into the Floridan Aquifer will meet State drinking water standards.

e  Water may be injected into the Upper or Lower Floridan Aquifers, but not the Fernandina
Permeable Zone.

For purposes of this report, impacts resulting from operator error (e.g. accidental injection of
improperly treated water) are not emphasized since operator error is possible with any water

treatment or distribution system and is not unique to ASR.

Golder Associates



Georgia Geologic Survey April 2001
Dr. William McLemore -4 - 003-3019.002

2.0 ASRPHYSICAL AND HYDROCHEMICAL PROCESSES

ASR operations initiate physical and hydrochemical processes in the storage aquifer. Physical
processes include deformation of the aquifer host rock and movement of the injected or native
ground water, Ground water pressure changes are often associated with physical processes.
Hydrochemical processes include alteration of the chemical characteristics of the recharged water
(including changes due to chemical reaction with the aquifer host rock) and alteration of the in-

situ ground water quality.

2.1 Physical Processes

No literature was reviewed that identified physical impacts directly related to an operating ASR
system. Nonetheless, ASR physical processes could provide an opportunity for environmental
impacts, depending on the characteristics of the aquifer, the design and operation of the ASR

system, and the presence of nearby sensitive receptors (other production wells).

The treated drinking water used for ASR is typically recharged using large-diameter purposefully
designed injection wells or modified production wells. These wells allow the water to enter the
well via the pump column, sized drop-pipes, drop pipes with flow control valves or direct
injection into the annular space between the casing and the pump rising main. Recharge rates are
maintained either by gravity flow or pressure in the distribution system; the choice being
dependent upon the rest water level in the well and the water level rise or pressure (“head”)
increase which occurs in response to injection. The head build-up in the well is a function of both
the hydraulic properties of the aquifer and the well efficiency; the head build-up in the aquifer is a
function of the aquifer properties alone. Similar effects determine the water level response to

recovery.

Storage of recharged water in confined aquifers occurs principally by elastic deformation of the
aquifer matrix. However, ASR storage processes are evident as both a head level increase
associated with elastic deformation and a displacement of the in situ groundwater by the injected
water. Typically, the pressure effects are transmitted over larger areas than the ch;nge in water

quality that is associated with displacement of the in-situ groundwater.
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The shape and properties of the region of increased pressure or water level rise and the recharged

water mass is a function of:

Recharge rate and duration (total stored volume);

Distribution of aquifer properties (vertically and horizontally);
Presence of aquifer boundary conditions;

Properties of the in situ groundwater (pressure, temperature, salinity);
Pre-existing hydraulic gradients.

For a given aquifer geometry, in situ groundwater quality, and well efficiency, ASR operations in
higher transmissivity/lower storativity systems produce smaller head changes and more rapid
stabilization of head build-up and draw-down than equivalent operations in lower
transmissivity/higher storativity systems. In all cases, transmissivity effects dominate over

storativity effects.

Simultaneous ASR operations in closely spaced wells typically produce head build-ups or draw-
downs that are greater than would be anticipated on the basis of the performance of each
individual well. This effect arises as a consequence of the superposition of the head changes

associated with each well (termed “well interference”).

2.2 Water Quality Processes

The U.S. Environmental Protection Agency reported that there have been no instances where
aquifers have become polluted as a consequence of ASR (EPA, 1999a). However, ASR-related
changes in water quality can be observed within the stored water, in the mixing zone between the
stored and in situ water, and at locations removed from the ASR aquifer and the stored water

mass. Physical and chemical processes that may be responsible for such changes include:

Within the » Reactions between constituents in the injected water and the aquifer matrix
Stored minerals;
Water ¢ On-going reactions between constituents in the injected water;

o Diffusion of constituents in the injected water into the matrix-held

s groundwater and vice-versa (in dual porosity aquifers)

In the ¢ Reaction between dissolved constituents in the injected water and the in situ
Mixing groundwater;
Zone o Hydrodynamic-dispersion of the injected water, including mechanical

dispersion and diffusion
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At Off-site « Pressure displacement of in situ groundwater and migration into adjacent
Locations aquifers or surface waters.
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30 IMPACTS AND IMPACT MITIGATION - LOWER FLORIDAN
AQUIFER

3.1 Physical Effects

No adverse physical environmental impacts are anticipated from ASR operations in the Lower

Floridan Aquifer due to:

Large thickness of overlying strata (750 ft to 1500 ft).

The postulated high permeability of the Lower Floridan Aquifer in the southern coastal
area. Therefore, the pressure effects arising from injection or recovery are likely to be
both small and spread over a large area.

e The absence of production wells that penetrate the Lower Floridan Aquifer.

Consequently, there is little potential for ASR-related ground destabilization, flooding, reduced

yield in other wells, or other physiographic or hydrologic impacts.

3.2 Water Quality Effects

3.2.1 Suspended Sediment Formation

No data describing the redox conditions in the Lower Floridan Aquifer were available. However,
given the widespread occurrence of reducing conditions in the Upper Floridan Aquifer and the
origin of freshwater in the Lower Floridan Aquifer as recharge from the Upper Floridan Aquifer,

it'is considered likely that reducing conditions prevail in the Lower Floridan Aquifer.

When treated water containing dissolved oxygen is injected into reducing groundwaters that
contain iron or manganese, oxidation of these constituents will result in the formation of oxide
and oxy-hydroxide precipitates. In the conduit flow systems of the southern coastal region, these
precipitates may remain suspended in solution under the influence of high groundwater velocities
or turbulent flow. Such suspended material may then adversely impact the quality of

groundwater that is withdrawn from affected portions of the aquifer.

s
The affected portion of the aquifer is likely to be restricted to the mixing zone between the
injected and in-situ water in areas where (a) the mixing zone is penetrated by water supply wells
and (b) the in-situ ground water contains dissolved iron and manganese. Given the limited

development of the Lower Floridan Aquifer for water supply purposes and the likely presence of
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sulfide in the in-situ groundwater, the potential for adverse impact is small. Additionally, impacts

could be effectively managed by a combination of the following measures:

e Identification of production wells in the vicinity of the mixing zone between the injected
and in-situ water;

e Site specific assessment of the redox conditions and dissolved constituents in the in-situ
ground water;

e  Water quality monitoring during ASR pilot testing;

e Modification of the ASR location, size, and/or operations schedule (injection rate, storage
duration, recovery rate, etc.);

e Relocation of potentially affected production wells if impacts are observed or predicted;

e Treatment of withdrawn water to remove suspended sediment.

3.2.2 Disinfection By-products

In ASR operation, raw water from a surface source or alternative aquifer is treated to drinking
water standards prior to injection into the storage aquifer. Residual disinfectant compounds may
be present in the injected water, and oxidation of organic matter in the storage aquifer may
produce disinfection by-products (DBPs). Some DBPs are believed to adversely affect human
health (e.g. trihalomethanes). Under circumstances in which DBPs are generated and accumulate,
stored water quality may be adversely affected. ASR provides an opportunity for generation of
DBPs beyond that encountered in traditional water supply operations due to the introduction of
treated water after disinfection into a medium (the storage aquifer) that may contain organic

matter.

The potential for forming DBPs is a function of the disinfectant (chlorine compounds are of
particular concern), disinfection method (concentration, contact time, etc.), the types of organic
matter present in the storage aquifer, water temperature, pH, and the concentration of bromide in
the in-situ ground water. It is likely that impacts associated with DBP formation can be

effectively managed by:

e Characterization of the injected and in-situ water quality and the organic matter content
of the ASR aquifer matrix material;

Modeling and assessment of the potential for DBP formation;

ASR pilot testing and monitoring of injected, in-situ, and extracted water;

Modification of the disinfection method of the injected water;

Injection into a stratum with lower potential for DBP formation;

Managing the ASR injection and extraction schedule to promote natural attenuation of
the DBPs;

e Additional treatment of water extracted from the storage aquifer prior to distribution.
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3.2.3 Solute Transport Effects

In localized areas of both the northern and southern coastal regions, the Lower Floridan Aquifer
is thought to be in hydraulic continuity with the Upper Floridan Aquifer. In the north this is
reflected in the hydraulic response of both aquifers to pumping from the Upper Floridan Aquifer.

In the south it is suggested by the pattern of saline upconing in Brunswick.

If injection into the Lower Floridan Aquifer results in an increase in the head gradient across the
Middle Confining Unit, upward flow from the Lower to the Upper Floridan Aquifer may be
increased. In such cases, the quality of Upper Floridan Aquifer water may be adversely affected
if the quality of water migrating upward from the Lower Floridan Aquifer is poor. The potential
for adverse impacts to production wells in the Upper Floridan Aquifer will be a function of the in-
situ water quality, local permeability distribution, the size of the proposed ASR system, and the
proximity of the system to production wells in the Upper Floridan Aquifer. This suggests that the

potential for any adverse impacts are likely to be local and so may be effectively managed by:

e Characterization of the groundwater quality of the Lower Floridan Aquifer;

e Assessment of the existing and predicted hydraulic gradients and the permeability of the
Middle Confining Unit;
Modeling of ground water migration under different operation conditions;

e ASR pilot testing and monitoring in the Upper and Lower Floridan Aquifers;

e Identification of local Upper Floridan Aquifer production wells, and monitoring during
ASR operation;

e Alteration of the ASR operation schedule to reduce the potential for upward migration
(possibly including relocation to an area where the confining unit is least permeable).
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4.0 IMPACTS AND IMPACT MITIGATION - UPPER FLORIDAN AQUIFER
4.1 Physical Effects

It seems unlikely that substantial physical impacts will derive from ASR in the Upper Floridan
Aquifer of the southern coastal region, principally due to a combination of the significant
thickness of the overlying Upper Confining Unit and extremely high values of aquifer
transmissivity. Under such circumstances, ASR-induced head changes are likely to be small and
distributed over a large area, so that ground effects or interference with nearby production well

yields are likely to be minimal.

By contrast, the lower transmissivity of the Upper Floridan Aquifer in the northern coastal region,
combined with the reduced thickness or local absence of the Upper Confining Unit, means that
there is a greater potential for ASR-related physical effects. Such effects would arise from the

larger head responses that may occur in response to injection or recovery and could include:

e Uncontrolled overflow from poorly sealed or capped wells or very localized flooding by
upward leakage through the Upper Confining Unit;

e Loss of yield in nearby wells;

e De-stabilization of deep foundations as a consequence of re-saturation of near surface
sediments and an associated loss of mechanical strength;

e Ground heave or subsidence caused by changing pore-water pressures in near surface
sediments;

¢ Hydraulic fracturing of confining strata.

Cooper-Jacob scoping calculations indicate that the risks are only likely to be significant in areas
close to the ASR site, where the resultant potentiometric surface is at or near ground level and
where exceptionally large volumes of water are recharged and recovered through networks of
closely spaced wells. This suggests that the potential for any associated impact is likely to be

localized and so may be effectively managed by:

e Site-specific characterization of the geology and hydrogeology at the test site;
Hydrologic modeling to determine the magnitude of the head level changes that are likely
to result from ASR operations;

e Reducing the amount of injected or recovered water;

e Modifying the ASR well-field layout so as to increase the distance between adjacent
wells.

e Monitoring foundation movement and ground elevation in the immediate vicinity of
injection and recovery wells during pilot testing and operation;

e Capping and/or properly abandoning unused Floridan Aquifer wells.
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4.2 Water Quality Effects

4.2.1 Suspended Sediment and Disinfection By-products
The potential for formation of suspended iron and manganese oxi-hydroxide sediment and DBPs
impacts in the Upper Floridan Aquifer and the opportunity for mitigating these impact is similar

to the Lower Floridan Aquifer.

4.2.2 Uranium Mobilization and Introduction of Tritium

Eocene and Miocene rocks in Georgia frequently contain strata of clay, organic material,
phosphates, or dolomites which contain uranium minerals. In particular, concentrations of the
element are found in the phosphate bearing minerals that are distributed throughout the Upper

Confining Unit.

Given the reducing conditions in the Upper Floridan Aquifer, any uranium that is present is likely
to be in the form of the low solubility mineral uraninite. Under circumstances in which the
uraninite comes into contact with injected water containing dissolved oxygen, however, oxidation
may result in dissolution of the mineral and mobilization of the associated uranium. Where
concentrations of the element accumulate, an adverse impact on the stored water quality may

potentially occur.

Given that phosphate-bearing minerals are relatively uncommon, except in the Upper Confining

Unit, the associated risk is likely to be localized and so may be effectively managed by:

e Characterizing the mineral assemblages present in the aquifer host rocks and the
confining units, with particular emphasis on identification of uranium bearing minerals in
the strata targeted for ASR development;

e Examine the accessibility of the uranium-bearing minerals to the injected water
containing dissolved oxygen and predict dissolution and resultant concentrations of
dissolved uranium ions;

e If necessary, identify alternate locations for the ASR system where uranium minerals are
not abundant or case off individual uranium-bearing strata;

e Operate the ASR system to extend storage time to promote natural reduction of dissolved
uranium.

e Monitor for dissolved uranium during ASR pilot testing and operation.

Tritium is a constituent of concern in Savannah River water due to the Savannah River Site

nuclear facility upstream. Reported levels of radionuclides in Savannah River water are well
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below regulatory guidelines, so the likelihood of introducing tritium into an ASR system that
made use of Savannah River water would appear to be low. In addition, the City of Savannah and
other entities already use the Savannah River as a raw water supply. Therefore, the risk of
utilizing Savannah River water for ASR does not seem to be substantially different than the risk
now accepted by existing water users, except that the processes of diffusion exchange and
advective transport described below could influence the transport of tritium introduced into the

aquifer.

4.2.3 Pyrite Oxidation

Although not detected during visual inspection of cores and washed samples (USGS, personal
communication), pyrite may be locally present in the clays, silts and sandy clays of the Upper
Confining Unit. If groundwater withdrawal from the Upper Floridan Aquifer dewaters the Upper
Confining Unit, pyrite may be oxidized, possibly causing adverse sulfate, pH, iron or alkali metal
impacts on the quality of the recovered water. The magnitude of the impact will be a function of
the amount of pyrite present, the permeability of the Upper Floridan Aquifer and the Upper
Confining Unit, and the extent to which withdrawals induce dewatering of the Upper Confining
Unit. Special attention should be paid to pyrite oxidation in areas where the Upper Confining
Unit has already been dewatered by extensive pumping. Impacts from pyrite oxidation may be

effectively managed by:

e Quantify the pyrite content of the Upper Confining Unit strata likely to be affected by the
proposed ASR operations;

Predict the draw-down likely to be experienced during the extraction of the stored water;
If necessary, relocate the ASR system to a more favorable location;

Reduce the amount of stored water that is recovered in an individual well,

Increase the spacing between extraction wells to minimize exaggerated drawdown caused
by well interference;

¢ Monitor water quality during ASR pilot testing and operation;

4.2.4 Advective Transport
Poor quality water generated by any of the mechanisms previously described could laterally

migrate within the Upper Floridan Aquifer due to:

e The concentration of flow in large-diameter conduits such as cavities and solution
channels in the southern coastal region;

¢ The occurrence of steep hydraulic gradients in areas close to Savannah in the northern
coastal region;
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e The presence of a large number of public and private water supply wells in both the
northern and southern coastal regions.
The potential for extensive lateral migration of poor quality water could be effectively reduced

by:

e Employing previously described measures to limit the opportunity to generate poor
quality water;

e Controlling the ASR injection and extraction schedule and well locations to avoid
substantial steepening of hydraulic gradients;

e Monitoring water quality in nearby production wells.

4.2.5 Diffusion Exchange of Solutes

Where groundwater flow in the Upper Floridan Aquifer of the northern coastal region occurs
through fractures, the moderate hydraulic conductivity of the unit suggests that these may include
a significant number of relatively small-scale features. A group of small-scale fractures has
greater surface area relative to the amount of void space versus a large fracture. If the fractured
matrix also possesses significant porosity, solute species flux between the fractures and the matrix
via the process of diffusion exchange. Under these circumstances, poor quality water that enters
the system may partition between the water in the fractures and the matrix-held pore water.
Therefore, if ASR introduces or generates poor quality ground water, the poor quality water
and/or undesirable constituents may be retained longer than would be predicted for ground water

flow in large scale fractures.

The options for mitigating the impact of solute exchange and extended retention of poor quality
water are the same as those for managing other water quality concerns. In addition, if an acute
water quality problem were identified (e.g. accidental injection of poor quality water) it might be

prudent to monitor the recovered water for constituents of concern for an extended period.
While the process of diffusion exchange could also occur in the Upper Floridan Aquifer of the

southern coastal region, the associated impact is likely to be mitigated by the concentration of

flow in this system in large-diameter conduits.
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5.0 SUMMARY

No instances where aquifers have become polluted as a consequence of ASR have been reported
by EPA. In addition, no literature was reviewed that identified physical impacts resulting from an
operating ASR. However, physical and hydrochemical processes of ASR can result in
environmental impacts depending on the design and operation of the ASR system, the
characteristics of the storage aquifer and confining or interconnected units, and the utilization of
other production wells. Potential impacts of ASR in the Floridan Aquifer of coastal Georgia could

include:
Lower Floridan Aquifer

e Generation of suspended iron and manganese oxi-hydroxide sediment due to dissolved
oxygen in the injected water;

e Generation of DBP’s as a consequence of organic matter oxidation by disinfection
chemicals present in the injected water;

e Increased solute concentrations in the Upper Floridan Aquifer as a consequence of the
ASR-induced displacement of poor quality water from the Lower Floridan.

Upper Floridan Aquifer

e Uncontrolled discharge from improperly abandoned wells, loss of yield in nearby
production wells, and ground destabilization effects linked to water level changes during
injection and recovery;

o Suspended sediment and DBP generation similar to that described for the Lower Floridan
Aquifer;

e Increased concentration of dissolved uranium due to oxidation of uranium-bearing
minerals by dissolved oxygen in the injected water;

e Increased sulfate and metal concentrations and decreased pH as a consequence of pyrite
oxidation in the Upper Confining Unit due to ASR-induced dewatering of the unit;

e Lateral migration of poor quality water to other production wells due to flow in large
diameter conduits in the southern coastal area and steep hydraulic gradients in the
northern coastal area;

¢ Diffusion of exchange of solutes between the injected water and the aquifer matrix.

5
In each case, the probability of the impact being realized, the severity of the impact, and the need
for and design of impact mitigation measures may be assessed by site-specific investigations for a

proposed ASR (Table 1, Table 2). Such investigations would:

o Describe the local geology, hydrogeology, and hydrochemistry;
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e Model the behavior of the aquifer and associated units during alternative injection and
recovery scenarios;

e Define source-pathway-receptor relationships (e.g. the influence of the proposed ASR on
other production wells or sensitive hydrologic systems).

Following the initial assessment, pilot testing would be an effective means of validating models,
making direct observations of physical and hydrochemical processes, and comparing alternative
ASR designs and operating schedules. Finally, monitoring water quality, aquifer characteristics,
and ground conditions in potentially sensitive areas during ASR operation would alert operators
to possible concerns. Such a monitoring program implies effective facility maintenance, staffing,

and operator training as a necessary requirement of ASR operation.

In summary, ASR has the potential to be a useful water resource management tool in coastal
Georgia. Some concerns have been identified but no environmental impacts have been identified
that could not potentially be mitigated. An active permit program administered by GAEPD could
insure that pre-construction investigations, pilot testing, and ASR design, operation, and
monitoring are adequate to achieve the water resource management benefits while mitigating

environmental impacts.
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APPENDIX A
Summary of Documented Environmental Impacts of ASR Operation

Al Physical Impacts

Physical impacts associated with ASR operations theoretically include flooding, interference with
nearby production wells, and ground stability effects. No examples of any such effects could be
found in the literature, although routine assessment of the associated risks was apparent.

A2  Water Quality Impacts

Hydrogeochemical processes that have the potential to impact ASR water quality include
reduction-oxidation reactions, dissolution, and ion exchange. These processes may act singly or
in combination, with the associated water quality changes being observed in either the stored
water mass or the mixing zone between the stored water and the in situ groundwater. Solute
transport processes that may subsequently act to influence the movement and distribution of
ASR-related poor quality water include advection, mechanical dispersion, and diffusion.

Examples of ASR facilities where there has been an observable (but not necessarily critical)
hydrogeochemical impact on the quality of either the recovered water or in situ groundwater

include:

e Tri-halomethane (THM) impacts on the quality of water recovered from an ASR scheme
in the basin sediments of Las Vegas, NV (Thomas et al, 2000 and Landmeyer et al,
2000);

¢ Nickel and arsenic concentration impacts on the quality of water recharged to a series of
sandy aquifers in the Netherlands (Stuyfzand, 1998a);

e Iron concentration and low pH impacts on the quality of water recharged to the Magothy
aquifer of Long Island, NY (Ragone and Vecchioli, 1975);

¢ Sulfate, magnesium, potassium and total hardness impacts on the quality of water
recovered from an ASR scheme in the London Basin Chalk (Flavin and Joseph, 1981);

* Sodium, potassium and ammonium concentration impacts on the quality of water injected
into marginal quality groundwater in the London Basin Chalk (Moncaster and Cook,
1999);

e Recovery of water contaminated with excessive quantities of manganese from an ASR
scheme in Chesapeake, Virginia (Ibison et al, 1995);

e Dissolution driven suspended sediment contamination of water recovered from an ASR
scheme in Australia (Rattray et al 1986).
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APPENDIX B

Floridan Aquifer Hydrogeology

B.1 GENERAL

The Floridan Aquifer comprises a “vertically continuous sequence of carbonate rocks of generally
high permeability that are of Tertiary age, hydraulically connected in varying degrees, and whose
permeability is generally several orders of magnitude greater than that of the rocks that bound the
system above and below” (Miller, 1986).

The system underlies all of Florida, southeast Georgia and adjacent parts of Alabama and South
Carolina. In Georgia, the Floridan Aquifer strata outcrop parallel to the fall line and dip to the
south and southeast. The thickness of the sequence increases from less than 100 ft at outcrop to
more than 2,000 ft at the (Atlantic) coast. In the coastal areas, the aquifer is divided into two
permeable sub-units, the Upper and Lower Floridan Aquifer. These sub-units are separated by a
confining unit of variable hydraulic properties.

Groundwater recharge to the coastal Georgia system occurs as a combination of groundwater
inflow from updip or adjacent units of the Floridan Aquifer and natural or induced leakage
through the upper confining unit. The predominant direction of flow is from west to east in the
south and from north-west to south-east in the north, in both cases from topographically high
regions inland towards pumping centers located at the coast. Groundwater discharge occurs both
as withdrawal at the coastal pumping centers and, in areas to the south and east, via upward
leakage into the upper confining layer. All of the withdrawal in coastal Georgia is understood to
be from wells that penetrate the Upper Floridan Aquifer. However, the yield from these wells is
sustained in part by upward leakage from the Lower Floridan Aquifer. This occurs as a
consequence of both natural and induced head gradients and is locally facilitated by the presence
of high permeability flow-paths associated with a series of high-angle faults. Groundwater
development and use in coastal Georgia has resulted in a regional decline in the potentiometric
surface and pronounced cones of depression at major pumping centers, notably around Savannah
and Brunswick.

Water quality in the Floridan Aquifer system varies from a calcium bicarbonate type inland to a
calcium magnesium bicarbonate or calcium magnesium bicarbonate sulfate at the coast. In
addition, high levels of withdrawal in some parts of the region have resulted in saline intrusion to
the aquifer. Consequently, concentrations of chloride are locally excessive. The intrusion occurs
both laterally and vertically, with poorer quality water entering the Upper Floridan Aquifer from
the areas offshore and from deeper sections of the aquifer, respectively.

A brief description of the lithology and hydraulic properties of each of the components of the
Floridan Aquifer system is given below. This is largely derived from Krause and Randolph
(1989). 7

B.2 UPPER CONFINING UNIT

The Upper Confining Unit comprises an interbedded sequence of sand, silt, clay and sandy clay
of low permeability. The unit achieves a maximum 